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Abstract: Broadband electrochromism from visible to infrared wavelengths is attractive for 
applications like smart windows, thermal-camouflage, and temperature control. In this work, the 
broadband electrochromic properties of Li4Ti5O12 (LTO) and its suitability for infrared-
camouflage and thermoregulation are investigated. Upon Li+ intercalation, LTO changes from a 
wide band-gap semiconductor to a metal, causing LTO nanoparticles on metal to transition from 
a super-broadband optical reflector to a solar absorber and thermal emitter. Large tunabilities of 
0.74, 0.68 and 0.30 are observed for the solar reflectance, mid-wave infrared (MWIR) emittance 
and long-wave infrared (LWIR) emittance respectively, with a tunability of 0.43 observed for a 
wavelength of 10 μm. The values exceed, or are comparable to notable performances in the 
literature. A promising cycling stability is also observed. MWIR and LWIR thermography reveal 
that the emittance of LTO-based electrodes can be electrochemically tuned to conceal them amidst 
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their environment. Moreover, under different sky conditions, LTO shows promising solar heating 
and sub-ambient radiative cooling capabilities depending on the degree of lithiation and device 
design. The demonstrated capabilities of LTO make LTO-based electrochromic devices highly 
promising for infrared-camouflage applications in the defense sector, and for thermoregulation in 
space and terrestrial environments. 
1. Introduction 
Electrochromism – a phenomenon in which certain materials reversibly switch colors with their redox 
state – is an increasingly familiar occurrence in today’s world.[1] From use in smart windows and flexible 
displays, to demonstrated use in camouflaging,[2] electrochromic devices have found a wide range of 
applications. The term is commonly used to describe color changes in the visible spectrum. However, 
electrochromism occurs in other spectral ranges as well. Studies on visible electrochromism have been 
wide-ranging, with materials spanning from inorganic compounds (e.g. Prussian blue analogs and WO3) 
to organic molecules and polymers (e.g. polyaniline) reported for their electrochromic properties.[3] In 
comparison, infrared electrochromism has been studied less extensively. However, electrochemical 
tunability of infrared emittance (𝜖) from surfaces is highly attractive for optical and thermal applications. 
For example, tunable emittances in the mid-wave infrared (MWIR, wavelength (λ) ~ 3-5 μm) and long-
wave infrared (LWIR, λ ~ 8-13 μm) atmospheric transmission windows (ATWs) can be used for 
infrared-camouflage.[4] Another application is thermoregulation. Electrochromic devices with tunable 
emittances to control radiative cooling are already used in the space industry.[5] Likewise, visible-to-
infrared electrochromic devices could also exhibit radiative heating or cooling on earth, and reduce 
electricity consumption and carbon footprint in residential and industrial settings. Materials exhibiting 
visible-to-infrared electrochromism are thus clearly attractive.  
Research over recent decades has yielded several materials with visible-to-infrared electrochromic 
properties, such as poly(aniline) and WO3. 
[6] Devices based on such materials typically show tunabilities 
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of emittance (Δ𝜖) ≲ 0.3 in the MWIR and LWIR ATWs.[6a, 7] Two outliers are HxWO3-based devices 
(with Δ𝜖𝑀𝑊𝐼𝑅 ~ 0.7 and Δ𝜖𝐿𝑊𝐼𝑅 ~ 0.15-0.25) and poly(aniline)-based electrochromic skins (with super-
broadband IR Δ𝜖  ~ 0.5).[5, 8] However, the use of aqueous H+ and polymers could prevent their 
application at high temperatures. More importantly, the change in solar reflectance, which often 
determines radiative heat transfer under sunlight, is low for such designs. Therefore, electrochromic 
materials with high tunability in both visible and infrared spectral ranges remain sought-after.  
Here, the authors report the electrochromic properties of Li4Ti5O12 (LTO), a zero-strain material with 
highly reversible lithium ion (Li+) intercalation, which exhibits tunable emissivity or reflectivity from 
visible to infrared wavelengths. LTO nanoparticles coated on aluminum (Al) are found to have an 
emittance that is electrochemically tunable by up to ~ 0.78 in the solar wavelengths (0.4-2.5 μm), and ~ 
0.68 and ~ 0.30 in the MWIR and LWIR ATWs respectively, and show steady electrochromic behavior 
over a large number of cycles. The large tunability, along with its excellent cycle-life,[9] makes LTO 
attractive for infrared-camouflage and radiative thermoregulation.  
2. Results and Discussion 
2.1 The Electrochromic Properties of Nanostructured Li4Ti5O12 
LTO has been explored extensively as an anode material for Li-ion batteries due to its excellent cycle 
life, structural stability and fast charging/discharging rates as high as 100 C (corresponding to 36 s).[9-10] 
During lithiation, it transitions from a delithiated (DL) state (Li4Ti5O12) to a lithiated (L) state (Li7Ti5O12) 
(Figure 1a), which leads to a drastic change in electromagnetic properties. As shown in Figure 1b, 
Li4Ti5O12 nanoparticles on Al have high reflectance (𝑅(𝜆)) in the visible wavelengths, while Li7Ti5O12 
nanoparticles have high absorptance or emittance ( 𝜖(𝜆) = 1 − 𝑅(𝜆)  for the opaque LTO on Al, 
according to Kirchhoff’s rule, as detailed in Supporting Information, Section 1). Thermographs reveal 
that the contrasting optical properties of the two states extend well into the infrared (Figure 1b), and 
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measurements of spectral reflectance 𝑅(𝜆) confirm that an appreciable tunability > 0.4 stretches from λ 
of 0.4 μm to 11 μm (Figure 1c), i.e., the electrochromic performance is super-broadband, and stretches 
across the solar, MWIR and LWIR wavelengths. 
 
Figure 1. (a) Crystal structures of Li4Ti5O12 and Li7 Ti5O12. (b) Photograph (top) and a LWIR thermograph 
(bottom) showing the different ‘colors’ of a Li4+xTi5O12 nanoparticle layer in the two states. The orange and blue 
colors indicate high and low LWIR emittances (𝜖𝐿𝑊𝐼𝑅) respectively. (c) Visible-to-infrared spectral reflectance 
𝑅(𝜆) of Li4Ti5O12 and Li7Ti5O12 nanoparticles (mass loading 2 mg cm-2) deposited on Al foil and covered by 
barium fluoride (BaF2). Solar, MWIR and LWIR ATWs are highlighted. (d) Schematic electron band-diagrams 
of the L and DL states, showing how a change in the electron energy distribution leads to (e) a super-broadband 
emittance and reflectance respectively. (f) Schematic of an electrochemical cell containing an ‘outward-facing’ 
LTO-based electrode, which consists of LTO nanoparticles deposited on a porous metal that allows the passage 
of Li+. 
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The highly contrasting optical behavior of the L and DL states can be attributed to their respective 
electronic structures. In the DL state (Li4Ti5O12), LTO is a wide band-gap semiconductor (Figure 1d), 
with a band-gap of ~3 eV.[11] Consequently, it has a low absorptance or emittance in the visible to LWIR 
wavelengths, and when nanostructured, can effectively back-scatter light and exhibit high reflectance 
(Figure 1e, upper panel). The L state (Li7Ti5O12), on the other hand, is metallic (Figure 1d),
[11a, 12] which 
causes Li7Ti5O12 nanoparticles to act as a lossy, effective medium exhibiting high, broadband emittance 
in the infrared (Figure 1e, lower panel ).[13] This is consistent with FDTD simulation results based on 
Drude-Lorentz models of the two states (Supporting Information, Sections 2 and 3).[11] It is possible that 
polarons, which are often observed in Li+-intercalated transition metal oxides,[6b, 14] contribute to the 
absorption in the visible wavelengths. Any contribution, however, is difficult to distinguish from the 
interactions between light and nanostructured plasmonic Li7Ti5O12. The optical contrast between L and 
DL states disappears beyond λ ~ 12 μm due to phonon modes that lead to high emittances for both L and 
DL states.[11c, 15] In addition, dips in 𝑅(𝜆) at ~ 3, 7 and 8.5 μm for DL state arise from the IR absorption 
of poly(vinylidene fluoride) (PVdF) binder in the nanoparticle layer. It should be noted that the 
nanostructured LTO layer (Figure 1f) largely determines the optical contrast in the visible wavelengths, 
as unlike in bulk solids, scattering of light by the nanoparticles gives the DL state a matte white 
appearance and the L state a black color, regardless of the reflectance of the underlying metal. This is 
desirable for device design, since it allows metals with different visible reflectivities (e.g. aluminum, 
gold and copper) to be used as substrate, without significantly impacting the achievable optical 
tunability. 
To quantify the broadband electrochromic performance of LTO on Al, the solar reflectance 𝑅𝑠𝑜𝑙𝑎𝑟 and 
MWIR and LWIR thermal emittances 𝜖𝑀𝑊𝐼𝑅  and 𝜖𝐿𝑊𝐼𝑅  are calculated from 𝑅(𝜆)  (Supporting 
Information, Section 1) for L and DL states. High tunabilities of the reflectance or emittance – Δ𝑅𝑠𝑜𝑙𝑎𝑟 
~ 0.74, Δ𝜖𝑀𝑊𝐼𝑅 ~ 0.68 and Δ𝜖𝐿𝑊𝐼𝑅 ~ 0.30 – are observed between states. Δ𝜖𝐿𝑊𝐼𝑅 is comparable to or 
better than those of WO3-based devices,
[6a, 7] while Δ𝜖𝑀𝑊𝐼𝑅  is on par with notable reports in the 
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literature.[5, 8] Promisingly, Δ𝑅𝑠𝑜𝑙𝑎𝑟  is higher than those exhibited by existing visible-to-infrared 
electrochromic devices known to the authors,[5, 7a] and together with the infrared Δ𝜖 values, makes LTO-
based electrochromic devices (Figure 1f) highly attractive for thermal management and infrared 
camouflage.  
2.2 Optimization and Characterization of LTO Electrodes 
The super-broadband electrochromic behavior of LTO can be harnessed for thermal and optical 
applications by suitably designed electrochemical cells. In such a cell, the LTO-on-metal electrode faces 
‘outwards’ for its electrochromism to be apparent (Figure 1f). A cover, which is transparent from the 
solar to LWIR wavelengths, is placed on top to protect the LTO from air. The metal contact that lies 
underneath the LTO is porous to facilitate the movement of Li+ ions between the LTO and the counter-
electrode. A proof-of-concept of this design is presented later in the paper. 
The electrochromic performance of LTO depends on multiple factors, such as the type of cover, mass-
loading of the LTO nanoparticle layer, radiative incidence or emittance angle (𝜃), charging/discharging 
rate and number of electrochemical cycles. To provide a basis for device design, the authors investigate 
the effects of these parameters on the performance of LTO nanoparticles electrode-coated onto Al foil 
(Figure 2). First, the effect of the type of cover is investigated. As shown in in Figure 2a, a barium 
fluoride (BaF2) protective cover offers greater transparency, while poly(ethene) (PE), due to its intrinsic 
emittance at λ ~ 3.5 and 7 μm (Supporting Information, Figure S3a), lowers Δ𝜖𝑀𝑊𝐼𝑅 and Δ𝜖𝐿𝑊𝐼𝑅 (0.59 
and 0.24 compared to 0.68 and 0.30 for BaF2). Due to its high transparency, BaF2 is used for further 
investigations (Figure 2b, c and d). However, PE’s lower cost and excellent flexibility make it more 
desirable for practical use. 
Mass-loading of LTO on Al has a large impact on 𝑅𝑠𝑜𝑙𝑎𝑟, 𝜖𝑀𝑊𝐼𝑅 and 𝜖𝐿𝑊𝐼𝑅, making it an important 
determinant of the performance of LTO electrodes. As evident from Figure 2b, DL LTO electrodes show 
an increase in 𝑅𝑠𝑜𝑙𝑎𝑟 from 0.78 to 0.89 as mass loading increases from 0.3 to 4.4 mg cm
-2. This occurs 
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because of an increased backscattering of light by the LTO nanoparticles. For the L state, 𝑅𝑠𝑜𝑙𝑎𝑟 drops 
from 0.22 to 0.11 with mass loading due to an increase in the thickness of the absorptive LTO layer. 
Consequently, a maximum Δ𝑅𝑠𝑜𝑙𝑎𝑟 of 0.78 is observed for the highest mass loading. For 𝜖𝑀𝑊𝐼𝑅 and 
𝜖𝐿𝑊𝐼𝑅, an increase with mass loading is observed for both L and DL states. This is because the intrinsic 
emissivity of the LTO (small for DL state and large for L state) and the PVdF binder leads to higher 𝜖 
as the amount of LTO increases. For the high mass loading of 4.4 mg cm-2, even the DL state is quite 
emissive, causing Δ𝜖𝑀𝑊𝐼𝑅 and Δ𝜖𝐿𝑊𝐼𝑅 to drop. Peak values of Δ𝜖𝑀𝑊𝐼𝑅 ~ 0.68 and Δ𝜖𝐿𝑊𝐼𝑅 ~ 0.30 are 
observed for a mass loading of 2 mg cm-2. Δ𝜖 is smaller in the LWIR due the phonon modes which raise 
𝜖𝐿𝑊𝐼𝑅 for both L and DL states. Since the 2 mg cm
-2 mass loading yields high values of Δ𝑅𝑠𝑜𝑙𝑎𝑟 (0.74), 
Δ𝜖𝑀𝑊𝐼𝑅  (0.68) and Δ𝜖𝐿𝑊𝐼𝑅  (0.30) for super-broadband electrochromic applications, it is used 
henceforth, unless mentioned otherwise.  
 
Figure 2. Variation of the emittance of the L and DL states of the LTO-based electrodes with (a) type of protective 
cover (polyethylene (PE) and Barium fluoride (BaF2)), (b) mass loading, (c) electrochemical cycling and (d) angle. 
The background colors in b) and d) represent the solar, MWIR and LWIR atmospheric windows highlighted in 
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(a). For (c), the green ( ) and dark blue ( ) colors indicate MWIR and LWIR emittances respectively, and for 
each color, the solid ( ) and open ( ) markers represent the L and DL states. 
LTO also retains good optical performance during electrochemical cycling tests. For charge/discharge 
rates of C/5, 1C and 10C (1C= 175 mA g-1), respective capacities of 168 mAh g-1, 147 mAh g-1 and 44 
mAh g-1 are observed (Supporting Information, Figure S4). Despite the drops in capacity, Δ𝜖𝑀𝑊𝐼𝑅 and 
Δ𝜖𝐿𝑊𝐼𝑅 remain quite steady compared to initial values (0.69 and 0.25 respectively), even after 50 cycles 
at 1C (0.64 and 0.22) 100 cycles at 10C (0.63 and 0.16) (Figure 2c). This indicates that a partial lithiation 
is enough to induce large Δ𝜖𝑀𝑊𝐼𝑅 and Δ𝜖𝐿𝑊𝐼𝑅, which would reduce switching time in electrochromic 
devices. The performance could potentially be enhanced by using smaller LTO nanoparticles or highly 
structured LTO, doping the nanoparticles to increase conductivity, compacting or sintering the LTO 
nanoparticle layer, and adding conductive indium tin oxide nanoparticles into it.[10, 16] Charge/discharge 
rates as high as 100 C has been achieved with LTO in earlier reports.[10] Significantly, a rate of 1C is 
suitable for switchable thermoregulation within solar timeframes (~1 h), while 10C approaches the rapid 
switching time (~1 min) required for camouflage. Therefore, the results show the promise of LTO-based 
electrochromic devices for such applications. 
For practical use, an electrochromic device should also show optical tunability regardless of the viewing 
angle. For LTO on Al, angular measurements (Figure 2d) show that Δ𝑅𝑠𝑜𝑙𝑎𝑟 , Δ𝜖𝑀𝑊𝐼𝑅  and Δ𝜖𝐿𝑊𝐼𝑅 
remain high from near-normal (20°) to near grazing (70°) angles (𝜃) of emission or incidence. Except 
for Li4Ti5O12 in the LWIR, 𝜖(𝜃) (=1- 𝑅(𝜃)) decreases gradually with angle, which could be explained 
by both Fresnel reflection off the BaF2 cover and Mie-scattering losses from the LTO nanoparticles at 
high angles. For Li4Ti5O12 in the LWIR wavelengths, the optical behavior is compounded by the BaF2 
cover, which has high 𝜖𝐿𝑊𝐼𝑅 at large angles (Supporting Information, Figure S3b). Consequently, the 
𝜖𝐿𝑊𝐼𝑅 of Li7Ti5O12 stays near-constant and that for Li4Ti5O12 rises gradually from 15° up to 50°. Overall, 
however, all the trends yield high Δ𝑅 or Δ𝜖 across the measured angles, implying a wide-angle behavior 
suited for thermal and optical applications. 
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2.3 Infrared-Camouflaging Capability of LTO 
The high, wide-angle Δ𝜖𝑀𝑊𝐼𝑅  and Δ𝜖𝐿𝑊𝐼𝑅  of the LTO-based electrodes make them appealing for 
thermal camouflaging applications. To demonstrate the suitability of LTO for thermal camouflage, 
MWIR and LWIR thermographs of LTO on Al with BaF2 and PE covers are presented in Figure 3a. As 
shown, in both the MWIR and LWIR bands, the non-emissive DL state appears colder, like the copper 
substrate, and the emissive L state appears hotter, like paper and glass. It is also observed that the 
difference in apparent temperature 𝑇𝑎𝑝𝑝,𝐿𝑇𝑂 is higher in the MWIR than in the LWIR, and for the BaF2-
covered LTO on Al than for the PE covered one. These observations can be explained using the 𝜖𝑀𝑊𝐼𝑅 
and 𝜖𝐿𝑊𝐼𝑅 values derived from Figures 1c and 2a and the following relation: 
𝑇𝑎𝑝𝑝,𝐿𝑇𝑂
4 =  𝜖𝐿𝑇𝑂𝑇𝐿𝑇𝑂
4 + 𝑅𝐿𝑇𝑂𝑇𝑒𝑛𝑣,𝑟𝑎𝑑
4  (1), 
where 𝑇𝐿𝑇𝑂  is the real temperature of the LTO-based electrode, 𝑇𝑒𝑛𝑣,𝑟𝑎𝑑  is the effective radiative 
temperature of the environment (Supporting Information, Section 6), 𝜖𝐿𝑇𝑂  is the emittance of the 
electrode, and 𝑅𝐿𝑇𝑂 = (1 − 𝜖𝐿𝑇𝑂) is its reflectance (Figure 3b). As evident from Equation 1, in its 
emissive L state, LTO shows its true temperature, while in its reflective DL state, it mirrors the 
temperature of its cold environment. At higher real temperatures, 𝜖𝐿𝑇𝑂 carries a greater weight, making 
the Δ𝑇𝑎𝑝𝑝,𝐿𝑇𝑂 between the states particularly prominent. 
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Figure 3. (a) MWIR and LWIR Thermographs of PE- and BaF2-coated sets of LTO on Al, showing their behavior 
at room temperature (~22°C), on human skin (~31°C), and on hot machinery (50-100°C, e.g. vehicle surfaces). 
The photograph underneath shows the setup in the visible wavelengths. (b) Schematic showing the contribution 
of the environmental and intrinsic radiation to LTO’s thermal signature. (c) LWIR thermograph of a hand, with 
PE-coated L and DL LTO, held against concrete. (d) LWIR thermograph showing specular reflections off PE-
coated DL LTO with low (0.3 mg cm-2) and high (4.4 mg cm-2) mass loadings. Corresponding photographs for 
(c) and (d) are presented in the Supporting Information, Section 6.
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The infrared electrochromic behavior implies that LTO can adjust 𝑇𝑎𝑝𝑝,𝐿𝑇𝑂  to blend in with the 
surroundings. This is demonstrated in Figure 3c, where lithiated and delithiated LTO electrodes placed 
on a hand show LWIR temperatures (29.3°C) and (23.8°C) close to human skin (~31°C) and the concrete 
background (22.1°C) respectively. The camouflaging capability is expected to be even better in the 
MWIR, where Δ𝜖 is greater. The infrared tunability could be further optimized by tuning mass loading 
and extent of lithiation (Figures 2b, 3d and S3c). Furthermore, Figure 3d also shows that the LWIR 
reflections of LTO on Al is specular to certain extent. This means that LTO layers on Al mirror not only 
the environment’s temperature, but also its thermal features. All these characteristics make LTO 
attractive for thermal camouflage. 
2.4 Solar Heating and Radiative Cooling Capabilities of LTO 
The super-broadband electrochromism of LTO also makes it promising for radiative thermoregulation. 
In this regard, the solar and LWIR wavelengths are important. For instance, a high 𝑅𝑠𝑜𝑙𝑎𝑟 can lead to a 
lowered heating by the sun, while a high 𝜖𝐿𝑊𝐼𝑅 can lead to a higher radiative heat loss from objects in 
everyday situations.[17] For LTO nanoparticles on Al, Δ𝑅𝑠𝑜𝑙𝑎𝑟  is greater than accompanying Δ𝜖𝐿𝑊𝐼𝑅. 
Furthermore, solar intensities (~ 900 W m-2 at noon) usually exceed LWIR irradiances (< 300 W m-2) 
from everyday objects (temperature < 75°C) (Supporting Information, Section 7). Therefore, during the 
day, heating or cooling can be achieved by tuning 𝑅𝑠𝑜𝑙𝑎𝑟. For example, under a solar intensity I ~ 788 
Wm-2, black L and white DL states of LTO (Figure 4a) reach significantly different temperatures of 
23°C and 5°C relative to the ambient air (Figure 4b-c) respectively. At night, 𝜖𝐿𝑊𝐼𝑅 can be tuned to 
control radiative heat loss. As demonstrated, the L state’s a higher 𝜖𝐿𝑊𝐼𝑅 enables it to reach a relative 
temperature of -2.7°C, while the DL state attains a relative temperature of -2°C (Figure 4c). The optical 
performance can be further modified by placing additional layers over the LTO. For instance, when a 
few layers of solar-reflective, LWIR-transmissive nanoporous polyethylene separator is used, both L 
and DL states reach sub-ambient temperatures (-0.7 and -3.9°C relative to the surrounding air 
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respectively) under I ~ 805 Wm-2 (Figure 4c and Supporting Information, Section 7). LTO-based 
electrochromic devices thus have both radiative heating and cooling capabilities. 
 
Figure 4. (a) Schematic of the experimental setup for the thermoregulation tests, showing the PE-coated L and 
DL LTO on Al in a chamber with a PE top-cover. Photographs are presented in the Supporting Information, 
Section 7. (b) Temperature-time plots of the samples and the ambient air under sunlight. (c) Equilibrium 
temperatures relative to the ambient air of the L (Li7Ti5O12) and DL (Li4Ti5O12) LTO on Al under sunlight, at 
night, and under sunlight with a white nanoporous PE cover. 
The tuneable 𝑅𝑠𝑜𝑙𝑎𝑟and 𝜖𝐿𝑊𝐼𝑅 of LTO make it attractive for thermal management both in space and on 
earth. For space applications, Chandrasekhar et. al. have described a conducting-polymer-based 
electrochromic skin with an excellent, super-broadband Δ𝜖 (~ 0.5).[5] However its Δ𝑅𝑠𝑜𝑙𝑎𝑟  is low (< 
0.15), and since sunlight experienced by satellites and spacecraft around the earth is particularly strong 
(~1350 Wm-2), that could limit thermoregulation capability. In this regard, LTO’s large Δ𝑅𝑠𝑜𝑙𝑎𝑟(> 0.7) 
could enable a greater control of solar absorptance when it is sunlit, while its MWIR-to-LWIR Δ𝜖 would 
allow a tunable radiative heat loss when it is shaded. On earth, potential applications include the 
thermoregulation of smart-roofs, storage tanks and warehouses which, depending on the time of the day 
or the year, could be radiatively heated or cooled to desired temperatures.[18] As shown in the Supporting 
information, Section 7, relative to a concrete surface with 𝑅𝑠𝑜𝑙𝑎𝑟 ~ 0.5,
[19] LTO-based electrodes could 
achieve increased radiative heat losses or gains of > 1.5 kWh m-2/day. The value corresponds to energy 
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savings that are both economically and environmentally significant,[20] and underlines LTO’s potential 
for energy-efficient, eco-friendly thermoregulation. 
2.5 Proof of Concept Electrochemical Cell 
Besides the super-broadband optical tunability of LTO, device design is also important for a functional 
electrochromic device. Effective designs for infrared electrochromism with metal substrates have 
previously been reported in the literature.[5-8] Here, a proof-of-concept of the design shown in Figure 1f 
is demonstrated in Figure S8 of the Supporting Information. In the design, LTO nanoparticles, deposited 
on a steel mesh and facing outwards from the electrochromic cell, is the cathode. LiPF6 in ethyl/diethyl 
carbonate is used as the organic liquid electrolyte and PE is used as the cover material. Successful 
switching between L and DL states is observed. The effect of organic liquid electrolytes on the 
performance of the LTO electrode is also investigated, and is found to be small – as shown in Figure S9 
and Table S4 of the Supporting Information, Δ𝜖𝑀𝑊𝐼𝑅 decreases from 0.68 to 0.62 and  Δ𝜖𝑀𝑊𝐼𝑅 decreases 
from 0.24 to 0.23 when electrolyte is present. The results show that liquid-electrolyte-based designs are 
viable and promising for future exploration. Another possible design would be a solid-state device 
containing a LTO electrode integrated with a solid electrolyte. Such a device would not have leakage 
issues, and be operable at temperatures beyond the range of existing aqueous designs.[5, 7a, 8, 21]. While 
this study focuses on material properties, further work on in-situ electrochromic switching of Li4Ti5O12 
remains to be done for device applications. 
3. Conclusion 
In summary, the authors demonstrate Li4Ti5O12 (LTO), which changes from a wide band-gap 
semiconductor to metal upon lithium intercalation, as a potential visible-to-infrared super-broadband 
electrochromic material for optical and thermal management. Lithiated (Li7Ti5O12) and delithiated 
(Li4Ti5O12) states of LTO- nanoparticles on Al exhibit high Δ𝜖 or Δ𝑅 of 0.74, 0.68 and 0.30 in the solar, 
MWIR and LWIR wavelengths respectively. The optical performance holds from near-normal to grazing 
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incidence angles of light, and is tunable by changing the mass-loading and degree of lithiation of LTO. 
Moreover, LTO show steady electrochromic performances under different electrochemical cycling tests. 
The range of 𝜖  attained by LTO on Al allows them to camouflage themselves by reflecting their 
environment’s temperature and thermal features, and makes them appealing for thermal camouflaging 
applications. Furthermore, under different daytime and nighttime skies, LTO shows both solar heating 
and radiative cooling capabilities. The large tunable temperature range (18°C) and sub-ambient (by 
~4°C) temperatures attained by LTO under sunlight make it attractive for energy-efficient 
thermoregulation in space and terrestrial settings. Li4Ti5O12 is thus promising for infrared camouflage 
and thermoregulation. 
4. Experimental Section 
Fabrication of the LTO-based electrodes for device optimization: Li4Ti5O12 nanoparticles from 
Hydroquebec were ground with poly(vinylidene fluoride) powder (Arkema Kynar HSV900) in a 98:2 
weight ratio, and then added to 1-methyl-2-pyrolidinone (NMP) to form slurries. Applicators were then 
used to make Li4Ti5O12 nanoparticle layers on aluminum foil. Depending on their use, the layers were 
coated with BaF2 or PE straightaway or after electrochemical processing. 
Cell assembly, electrochemical processing and disassembly: LTO-based electrodes were put in pouch 
cells in a Li | electrolyte (Gotion LP40) | Li4Ti5O12 configuration in an inert atmosphere. The cells were 
then charged under constant-current-constant-voltage regimes to yield Li7Ti5O12, or cycled at different 
rates and for different number of cycles, using a potentiostat (Bio-logic, Model VMP3). Afterwards, the 
cells were disassembled, and the LTO-based electrodes structures were cleaned in diethylene carbonate, 
heated dry, and then covered with BaF2 or PE. 
Optical characterization: Spectral reflectance 𝑅(𝑇, 𝜆)  of LTO nanoparticles on Al was separately 
measured in the visible to near-infrared (0.41-1.05 μm) and near-infrared to mid-infrared (1.06-14 μm) 
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wavelength ranges. For the first case, a supercontinuum laser (SuperK Extreme, NKT Photonics) 
coupled to a tunable filter (Fianium LLTF contrast) was used to shine specific wavelengths into an 
integrating sphere (Model IS200, Thorlabs). The samples were then inserted into the integrating sphere 
to intercept the light at angles between 15° and 70°, and had their reflectances measured at 5 nm 
wavelength intervals by a silicon detector. A patch of the standard white material of the integrating 
sphere was used as reference. For the 1.06-14 μm range, a Fourier Transform Infrared spectrometer 
(Vertex 70v, Bruker), gold-coated aluminum foil references, and a gold integrating sphere (Model 4P-
GPS-020-SL, Labsphere) along with a mercury-cadmium telluride detector were likewise used. The 
obtained spectra were then patched, and 𝜖(λ1, λ2) and 𝑅(λ1, λ2) were calculated from the resultant 
spectrum using Equation 1 of the Supporting Information. 
Thermography to demonstrate infrared camouflaging: MWIR and LWIR thermographs of samples were 
taken using FLIR SC6000 and T640 thermal cameras respectively. 
Solar-thermoregulation test: Lithiated and delithiated samples of LTO on Al were placed on a thermally 
insulating foam, and then in a white, open-top box with a polyethene cover to reduce convection and 
allow transmission of solar and thermal radiation. The setup was then placed on a horizontal rooftop or 
an open courtyard at 40.8093°N, -73.9597°E and allowed to reach steady-state under sunlight. Incident 
solar intensity was calculated using a thermopile sensor (type 3A, item 7Z02621, Ophir Photonics) and 
angular position of the Sun. The FLIR T640 LWIR thermal camera was used to measure the radiative 
temperature of the environment. Temperatures of the samples, the air inside the box and the air outside 
was measured with thermocouples. More information is provided in the Supporting Information, Section 
7. 
SEM characterization: Li4Ti5O12 nanoparticles on Al foil were imaged with a Zeiss Sigma VP scanning 
electron microscope. 
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